Introduction

51
Desiccation cracking is a common phenomenon in soils and rocks. It involves a gradual 52 moisture content reduction induced by evaporation from a geomaterial surface. This reduction 53 in moisture content is accompanied by the invasion of air into the soil pores, increases in 54 suction and the effective stress, and soil shrinkage. Shrinkage due to desiccation from the soil 55 surface in restrained conditions (by frictional boundary conditions, concentration of stress or 56 heterogeneity of soil) causes an increase in tensile stress, which induces the formation of crack 57 networks when the stress reaches the tensile strength ( [1] - [6] ). 58 elements, and the simulation could be observed as purely mechanical. The prime interest of 126 this work was not to precisely reproduce the experimental observations but to determine the 127 ability of the proposed numerical technique to qualitatively capture the main trends and the 128 crack morphologies observed for different shapes, thicknesses and desiccation conditions. 129 Amarasiri & Kodikara [31] used cohesive cracks with a softening law that evolves during 130 desiccation when a crack is partially open. The model reproduced the number of cracks 131 developed with the moisture content evolution during a desiccation test but the desiccation 132 process with hydro-mechanical coupling was not considered. 133
In the present work, a hydro-mechanical model was developed to simulate the desiccation 134 cracking of clayey soil using a cohesive fracture method. The damage-elastic behaviour of 135 cohesive fracture [32] was used to model the initiation and propagation of cracks. The FEM 136 code POROFIS [33] , for POROus FISsured media, was used to simulate the laboratory 137 desiccation tests reported by Sanchez et al. [11] . The results enabled the investigation of the 138 evolution of the stress, strain and hydric state (suction, degree of saturation) at different 139 locations in the soil specimen and the development of cracks during desiccation. 140
Governing equations
141
This section briefly presents the governing equations of hydraulic and mechanical problems; 142 more details can be found in [32]- [34] . In the present model, soil is represented as a 143 homogenous porous medium containing a family of cohesive cracks. For the hydraulic 144 problem, the body can be subjected to pressure or flux boundary conditions. For the 145 mechanical problem, the body can be subjected to stress or displacement applied on its surface. 146
Other volumetric forces and gravity effects are not considered for this problem. The flow and 147 displacement fields in the body have to satisfy theses boundary conditions and the constitutive 148 equations detailed below. 149
Cohesive crack representation 150
In the finite elements method enriched by joint elements (JFEM) used here, the cohesive crack 151 elements are represented by 4-node interface elements introduced by Goodman (1976) [35] for 152 modelling rock joints. The joint elements are placed in the mesh on predetermined paths 153 corresponding to potential crack propagation. For the mechanical problem, it is necessary to 154 split the nodes on discontinuity lines and create joint elements to allow displacement 155 discontinuities across fractures. However, in the hydraulic problem, at least for the fractures 156 with infinite transverse conductivity considered here, and so with continuous pressure across 157 the fracture, there is no need to split the nodes because the pressure has the same value on the 158 two sides of the fracture. The specific mesh for this purpose is prepared using commercial tools 159 (GID and DISROC) that are dedicated to meshing fractured media. 160
One of the limitations of the cohesive crack method is that the crack locations and pathways 161 need to be predefined. However, this limitation can be addressed by using a multiple unbiased 162 potential crack with a great density to minimise the spacing between cracks. This approach is 163 chosen in the current work. 164
In this model, cohesive cracks are simulated as elements of zero thickness with a very small 165 normal hydraulic conductivity and high stiffness at the beginning. For the mechanical 166 behaviour of joint elements, the cohesive fracture law [32] is applied. A damage variable D is 167 added to represent the process of damage through a decrease in the crack stiffness and the 168 evolution of the yield surface. Under the effect of evaporation, the tensile stress increases with 169 suction, corresponding to the increase in the normal stress of cohesive cracks. The initiation of 170 cracks can be considered as the breakage of bonds through the degradation of the crack 171 stiffness when the tensile stress reaches the tensile strength. 172 173
Hydraulic behaviour 174
The flow in the soil around cracks is governed by Darcy's law and satisfies the mass 175 conservation condition. To establish hydraulic diffusion, the fluid mass f m is calculated in 176 unit volume: 177 
Mechanical behaviour 220
The mechanical behaviour of the soil matrix is formulated in terms of the effective stresses 221 while the failure criterion of the cohesive cracks is based on the total stress. If the cracks are 222 considered as very large pores, the suction in these pores is negligible, so it is reasonable to 223 model their failure in terms of the total stress. This is in agreement with experimental 224 observations ([19] [22]), which show a small effect of the water content on the tensile strength 225 of soils. This small effect is neglected in the present work. At the interface between the matrix 226 element and the joint element, the continuity of the total stress is ensured. 227
The soil matrix is assumed to be an isotropic elastic linear material, and the relation between 228 the effective stress and strain is expressed by the following equation: 229
where is the total stress, C is the elasticity tensor, is the strain tensor and is the 231 identity matrix. 232
The elastic damage of the cohesive crack law is applied using the following equation: 233 (1 )
The crack aperture ( ) e changes with the deformation from the initial value 0 e to: 245 . For cracks, the fluid pressure resulting from the resolution of the hydraulic 275 problem (Eq. (7)) is introduced in the mechanical problem (Eq. (9)) to calculate the crack 276 opening. Reciprocally, the matrix and the crack deformation resulting from the resolution of 277 the mechanical problem are then introduced into the hydraulic problem through source term 278 r , which is related to the volumetric strain of the matrix (Eq. (4)), and f r , representing the 279 crack opening evolution (Eq. (7)). In addition, the crack opening e is used to update the 280 hydraulic conductivity of the crack (Eq. (6)). This coupling implies that as soon as the crack is 281 mechanically opened, its hydraulic conductivity increases quickly and potentially conducts 282 more fluid through it. 283
Numerical simulation
284
The hydro-mechanical finite element code presented above was used to simulate the 285 desiccation experiments reported by Sanchez et al. [11] . In this test, a 100 mm diameter and 13 286 mm thick circular plate of organic silt (30% sand, 57% silt and 13% clay) was prepared in a 287 slurry state and then air-dried. By using a 2D profile laser technique, various soil 288 characteristics (e.g., volume change, water loss, and crack development) were observed during 289
drying. 290
To simulate the experiments, various data related to the tested materials were collected to 291 determine the parameters used in the numerical model. The soil compressibility was estimated following the oedometer compression curve obtained 301 on the same soil but in a compacted state [40] . The volumetric strain for these data is plotted 302 versus the vertical stress for the studied soil (Fig. 3) . In the present work, the soil 303 compressibility parameters were chosen ( 1 E MPa and 0.3 ) to fit the experimental data in 304 the low stress range (up to 0.3 MPa), which should be the range of suction corresponding to the 305 crack development. 306
The hydraulic conductivity in the saturated state, The initial values of the normal stiffness nn R were set sufficiently high and that of the 323 hydraulic conductivity (related to the initial thickness 0 e ) was set sufficiently small to have 324 negligible effects on the global elasticity and permeability of the model before cracking. The 325 parameter corresponds to the ductility of material and can be fitted from the experimental 326 curves [44] . In this work, it was set equal to 1, which indicates that the tensile stress of the 327 fracture starts to decrease at the onset of damage. The parameters coh C and do not affect 328 mode I crack propagation, which is the case of the present work. However, these parameters 329 must satisfy the inequality coh / tan R C for the hyperbolic surface. Therefore, coh C was set 330 to coh 1.5 tan R C
. Table 1 summarises the main parameters of soil and cohesive cracks 331 used in the simulation. 332
To simulate the test performed, a 2D mesh in the plane strain conditions shown in Fig. 4 was 333 used. Its width was equal to the diameter of the sample (100 mm), and its height was equal to 334 the initial height of the sample (13 mm). The experimental observation showed were 4 cracks 335 (for a typical cross section) after 24 hours of drying, and these cracks propagated vertically in 336 depth. As mentioned above, in POROFIS, a large unbiased number of cracks and pathways can 337 be introduced. Crack development is dictated by the behaviour of the model. However, in the 338 present work, to optimise the calculation cost by always ensuring adequate mesh density, 100 339 vertically oriented cohesive cracks were distributed regularly with a spacing of d = 1 mm in the 340 mesh (see Fig. 4) . 341
For the mechanical boundary conditions, the displacements at the bottom, the right and left 342 sides were fixed, while the top of the mesh (representing the soil surface) was free to move. saturated state. In the second phase, the evaporation rate decreases rapidly and soil suction 351 increases significantly. In the last phase, the evaporation rate reaches the residual value, which 352 depends on the soil characteristics. In the present work, the evaporation rate was imposed on 353 the top of the mesh as a function of the suction calculated at the soil surface (see Fig. 5 ). To 354 obtain the experimental data plotted in this figure, the relationship between the evaporation rate 355 and the average degree of saturation of the soil specimen in the experiment was calculated 356 from the experiment (Fig. 5a) . Then, by combining this information with the water retention 357 curve (Fig. 2) , the relationship between the evaporation rate and soil suction was determined 358 (Fig. 5b) 
361 362
where p E is the potential evaporation rate, which represents the evaporation capacity of soil 363 under completely saturated conditions, s is the actual suction at the surface, 0 s is a suction of 364 the onset of the second phase in the evaporation process, and is a curve coefficient. Wilson 365 et al.
[46] measured the actual evaporation rate using a drying column test. The evaporation 366 rate evolution showed that the first phase had a constant evaporation rate of 8 mm/day. During 367 the second phase, a slight decrease in the evaporation rate began when the sand surface became 368 visually dry. This corresponds to a water content at the sand surface of slightly less than 2%; 369 thus, the suction corresponding to this water content on the water retention curve was 370 approximately 0.5-0.6 MPa. Moreover, Wilson et al. [49] found that the actual rate of 371 evaporation began to decline when the value of the total suction exceeded approximately 3 372
MPa. This conclusion was obtained from three tested soils: clay, silt, and sand. 373
In the present work, the parameters selected by assuming the exponential form of evaporation 374 evolution (Eq. (14)) and by fitting the experimental curve were: (following the water retention curve, see Fig. 2 ), which corresponds to the beginning of the 377 decrease in the evaporation rate during drying (see Fig. 5a ). 378 Fig. 6a presents the morphology of the specimen during drying. This figure is plotted from the 380 numerical results in Fig. 6b , where the distribution of horizontal displacement was equally 381
Results
379
added. The proposed model reproduced the main phases observed in the experimental test. At 382 the beginning of the test, only settlement at the soil surface was observed without cracking 383 (i.e., with t = 3 h). The two first cracks appeared close to the two lateral walls at t = 4 h. During 384 the next 4 h, the aperture (opening) of the cracks increased and no more cracks appeared. After 385 t = 8 h, the crack network developed very quickly and, the cracks appeared with the same 386 spacing of approximately 6-10 mm (t = 9 and 10 h). At t = 12 h, the specimen had 17 cracks 387 and 100 cohesive joints were placed in the model. The evolution of suction measured at the top 388 and at the bottom of the specimen (point A and point B in Fig. 4) is shown in Fig. 7a . The 389 suction at these two points was similar, indicating that the suction was homogenous in the 390 specimen during the drying test. In addition, when the first crack appeared (at t = 4 h), the soil 391 suction was approximately 0.08 MPa, smaller than the air-entry value of 0.1 MPa. The suction 392 corresponding to the rapid development of several cracks (at t = 8 -9 h) was approximately 0.2 393 MPa. After 12 h of drying, the soil suction reached approximately 0.3 MPa. The degree of 394 saturation calculated at these two points is also plotted in Fig. 7b . These values were slightly 395 lower than the average degree of saturation measured from the experiment. However, the trend 396 observed in the numerical simulation was similar to that observed from the experiment: a 397 progressive decrease in the degree of saturation during drying with the degree of saturation 398 remaining high after 12 h of drying. 399
In the experimental work, the measured 2D profiles were used to calculate the three 400 components of soil shrinkage for a generic cross section: vertical displacement of the top 401 surface (settlement), lateral shrinkage (gap), and cracks (see Fig. 8 ). This process made it 402 possible to determine the three components of the deformation mentioned above from the 403 simulation. The results of the simulation are shown in Fig. 9 . At the beginning (t = 0 -3 h), the 404 shrinkage corresponds only to settlement. For t = 3-8 h, a gap appears, but its area remains 405 small, and the total shrinkage area is still related to settlement. From t = 8 h, cracks appear 406 quickly, and there is an abrupt increase in crack area. The increase in crack area is the main 407 cause of shrinkage area in this phase. In the experiment, drying was performed for 24 h, while 408 in the present work, the simulation was stopped after 12 h. Additionally, the mechanical 409 behaviour of the soil matrix is linearly elastic in this work. This assumption is reasonable only 410 when the soil strain remains small. 411
In addition to the evolution of the soil parameters, which can be experimentally observed, the 412 numerical simulation enables in depth analysis of the processes related to crack opening. Two 413 families of cracks can be identified: (i) the two first cracks appear close to the boundary of the 414 soil specimen in contact with the rigid mould, which is defined as the lateral gap in the 415 experimental work; and (ii) the cracks develop in the middle of soil sample, which is defined as 416 "cracks" in the experimental work. The mechanisms related to the opening of these two 417 families are shown separately in Figs. 10-13 . 418 Fig. 10 presents the isochrones of the normal stress, damage variable and opening of all joint 419 elements along the line of the gap on the left side (X = 1 mm). At the beginning (t < 3.505 h), 420 the tensile stresses of these joint elements increase gradually during drying, but they remain 421 smaller than the tensile strength 0.09 MPa R ; thus, no damage occurs. At t = 3.505 h, the 422 tensile stress of some joint elements on the top surface approaches the soil tensile strength (Fig.  423 10a) . The elastic limit is reached and the damage phase begins. At this moment, the crack 424 remains closed at the top, no opening of the crack is observed (see Fig. 10c ) and the sample 425 shows only settlement without cracking. For the next step (t = 3.510 h), some joint elements on 426 the top surface (Y > 12 mm) are completely damaged, i.e., their damage variable reaches its 427 maximum value (equal to 1) (Fig. 10b) . This total damage relaxes the normal stress of these 428 joint elements (Fig. 10a) . The bridge between the two surfaces of the crack is considered to be 429 completely broken, and the crack is opened from the surface to its extremity. The opening of this crack (X = 1 mm) during the next step of drying (for t = 4 -12 h) is 439 presented in Fig. 11 . The crack aperture continues to increase from t = 4 h to t = 8 h. After t = 8 440 h, other cracks appear, and the aperture of the crack decreases suddenly from t = 1.7 mm to 0.3 441 mm and remains at this value after 3 hours of drying. 442 Fig. 12 shows the isochrones of the normal stress, damage variable and opening of all joint 443 elements along the line of the crack at X = 35 mm (see Fig. 6 ). At the beginning of drying, 444 from t = 1 h to t = 8.50 h, the tensile stress of these joint elements increases gradually while 445 drying. At t = 8.50 h, the tensile stress of the elements close to the bottom (at Y = 0.6-1 mm) 446 approaches the soil tensile strength 0.09 MPa R but that of the other joint elements (with Y 447 >1 mm) remains smaller than the tensile strength. This is the elastic phase of these joint 448 elements, and no damage occurs. At t = 8.95 h, some joint elements near the bottom of the 449 specimen (Y < 4 mm) are completely damaged, i.e., their damage variable reaches its 450 maximum (equal to 1) (Fig. 12b) . The normal stresses of these joint elements are relaxed to 451 zero (Fig. 12a) . The total damage indicates that all the bridge or contact points between the two 452 surfaces of the crack are completely broken, and the crack is opened from the first damaged 453 element (very close to the bottom of the specimen) to its extremity (Fig. 12c) . The process of 454 damage is continued along the crack line, and the crack is opened gradually upward (from t = 455 8.50 h to t = 9.10 h). This crack propagates along the crack line and is detected from the top 456 surface at t = 9.10 h. After this propagation along the thickness of the sample, all joint elements 457 in the crack are completely damaged, their normal stress is relaxed to zero and the damage 458 variable remains 1. Fig. 12c shows the evolution of the crack opening during the propagation. 459
The crack is initiated from the element near the bottom of the sample, and there is no suction 460 gradient in the sample (Fig. 7a) . However, when the crack is detected from the surface, the 461 crack aperture at the top is always larger than the one at the bottom. The top surface is free to 462 move, while the bottom displacement is restrained by the prescribed boundary conditions. The 463 opening of this crack during the next step of drying (for t = 10-12 h) is presented in Fig. 13 . 464
After propagation to full depth, the crack aperture continues to increase until t = 10 h. Then, 465 other cracks appear near this crack (Fig. 6) , and the aperture of the crack decreases suddenly 466 from t = 1.6 mm to 0.3 mm. 467 From t = 4 h to t = 8 h, no more cracks appear; thus, the tensile stress continues to increase. At 473 t = 8.3 h, a crack at X = 6 mm appears, decreasing the tensile stress. This phenomenon is 474 repeated at t = 8.5 h and t = 8.6 h, when cracks appear at X = 11 mm and X = 16 mm, 475 respectively. Interaction between cracks occurs when a new crack appears, creating a stress 476 relief zone in the surface in which the stresses are reduced [18] , while the prescribed boundary 477 condition at the bottom of the specimen concentrates the tensile stress in this location. 478 
Discussions
487
In the present work, FEM code, including hydro-mechanical coupling and cohesive crack 488 elements, was used to simulate the desiccation cracking of soils. The matrix behaviour was 489 assumed to be isotropic linear elastic. Elastic behaviour was also used in previous research to 490 model desiccation cracking ([25] [28]). In the present work, the elastic modulus was fitted to 491 the experimental data in the range of low stress (smaller than 0.3 MPa, see Fig. 3 ). After 12 h 492 of desiccation, the suction (and soil stress) remained in this range (see Fig. 7a) . The model was able to reproduce correctly the main phases of the desiccation and the 519 development of soil shrinkage versus elapsed time (Fig. 6,7, and 9) . Initially, shrinkage is 520 where cracks can initiate at a stress level lower than the maximum stress developed within the 535 material. Costa & Kodikara [55] observed that cracks could initiate even at suction of 536 approximately 1 kPa for a clay slurry because of the large pores. In this work, cohesive cracks 537 were placed equidistantly with the same parameters. In addition, there was no suction gradient 538 in the sample (Fig. 7a) . The heterogeneity of the material properties and the flaw factors are 539 therefore neglected in this work. As a result, crack initiation depends only on the tensile stress 540 distribution, which is mainly controlled by the boundary conditions. 541
The results obtained from the present work show that the discontinuity initially develops at the 542 gaps (Fig. 6 ). This phenomenon can be explained by the normal stress distribution on the top 543 surface at t = 3.5 h (see Fig. 14) , where the normal stress is highest at X = 1 mm. In addition, 544 the development of the crack network in Fig. 6 shows that the cracks progressed from the two 545 "gaps" beside the lateral boards to the middle of the sample, in agreement with the 546 observations in [11] but not a general trend [19] . In the present work, this can be explained by 547 the fact that when the gaps are created near the lateral boundaries, the stress field in the sample 548 is no longer uniform and induces new cracks that preferentially progress from the lateral 549 boundaries towards the centre of the sample. In addition, Fig. 6 shows that the crack opening 550 depends on its location. The two lateral boards are fixed, so when two faces of a crack 551 separate, the face closer to the boundary side presents a smaller displacement than the other 552 side. These cracks thus present a V shape that is not symmetric and depends on their location, 553 but the global configuration of the crack shape and location is symmetric with respect to the 554 axis of the sample. 555
The present work showed that in some conditions cracks could develop from near the bottom 556 of the specimen and propagate to reach the top surface. This can be explained in the model by 557 the combined effects of boundary conditions at the bottom that cause stress concentration at 558 these locations and the stress reduction on the top surface due to the onset of adjacent cracks 559 ( Fig. 14 and 15) . In this numerical model, all the joint elements are fixed to the bottom. 560 Therefore, the crack aperture cannot be observed from the bottom, similar to the observations 561 in a previous experiment ([11] ). Weinberger [56] studied the initiation and growth of cracks 562 during desiccation of stratified muddy sediment and found that in the absence of surface 563 defects, crack origins are consistently located at or near the bottom of the polygons. During 564 drying, cracks initiated at the bottom and propagated vertically upward and laterally towards 565 adjacent cracks. The crack propagation from the bottom to the full depth was also observed by 566
Costa et al. [57] while testing desiccation cracking on three potato starch specimens. 567
Conclusions
568
In this study, a desiccation cracking experiment was simulated using a hydro-mechanical 569 model where (i) hydraulic diffusion under evaporation, (ii) the shrinkage of a soil sample and 570 (iii) the initiation and propagation of desiccation cracks, among others couplings, were 571 considered. The diffusion equation included the evolution of the soil and crack hydraulic 572 properties (degree of saturation, soil hydraulic conductivity and crack hydraulic conductivity, 573 the mass exchange between soil matrix/cracks), and the deformation processes of the soil and 574 the crack were equally taken into account. Finite element method code, including cohesive 575 fractures model, was used to simulate the development of cracks. The coupling between the 576 hydraulic and mechanical phenomena was performed through an iterative process passing 577 from the hydraulic problem resolution to the mechanical problem resolution and vice versa. 905  906  907  908  909  910  911  912  913  914  915  916  917  918  919  920  921  922  923  924  925  926  927  928 
